M ycoplasmas (the trivial name for microorganisms belonging to the class Mollicutes) are the smallest free-living, self-replicating bacteria, having diameters of 300 to 800 nm. These pleomorph microorganisms have no cell walls. (1~ Because of their small size and flexibility, mollicutes can pass through filters of 450 and 220 nm used commonly in cell culturing. ~, 2) Mollicute contamination of primary and continuous eukaryotic cell lines represents a major problem of economic and biological importance in basic research, diagnosis, and biotechnological production. This contamination problem is widespread. Surveys show that 5-87% of cell lines are contaminated. (3-6~ There are currently ~120 mollicute species, (~ but 5 species account for ~>95% of cell contaminations. (3'7-9~ The common contaminants are two bovine mollicutes, Mycoplasma arginini and Acholeplasma laidlawii; two human mollicutes, Mycoplasma orale and Mycoplasma fermentans; and a porcine mollicute, Mycoplasma hyorhinis. (1~ Figure 1 shows a fibroblastic cell line contaminated with M. fermentans detected by scanning electron microscopy.
Although contamination originates from laboratory personnel and commercial animal sera used in culture media, the main source of contamination of clean cultures is mollicute-infected cultures. (2, 7, 11) Mollicutes are capable of altering virtually every property and parameter measured in cell cultures, depending on the contaminating species and on the type of cell infected, leading to unreliable experiments and unsafebiologicals, biopharmaceutical drugs, and virus vaccines. It has been shown that mollicutes affect cell growth and morphology, nu- cleic acid and amino acid metabolism, and production of virus and biologic products, such as cytokines and monoclonal antibodies. ~3'7'9'12'~3~ Unlike bacteria and fungi, moUicute contaminants usually produce neither turbid growth nor cell damage. (6~ Moreover, most mollicutes are resistant to antibiotics commonly used in long-term cell cultures. (6'~2~ Periodic screening is therefore essential in controlling contamination and maintaining mollicute-free cell lines.
Numerous methods for detecting mollicute infection have been developed. Direct tests are based on microbiological culture, and indirect tests are based on measurement of specific markers or characteristics associated with mollicutes, including DNA fluorochrome staining, DNA probes, enzymelinked immunosorbent assay (ELISA), immunofluorescence, electron microscopy, autoradiography, and biochemical assays. ~2'6'1~ Although efforts have focused on the improvement of these techniques, detection of mollicutes in cell cultures remains a serious problem. Recently, the application of PCR-based methods of detection has attracted much attention because of their extreme sensitivity and specificity. Because the pace of PCR technology advancement is so rapid, detection methods have evolved quickly. The objective of this rev i e w is to present the latest develop-R eview llll|ll ments in the field of PCR-based detection of mollicutes contaminating ceil cultures. PCR-based methods are described and compared with other mollicute detection assays.
GENERAL PRINCIPLES OF PCR DETECTION
The PCR technique is based on repeated cycles of high-temperature template denaturation, oligonucleotide primer annealing, and thermostable polymerasemediated extension. (~4) The number of DNA molecules doubles after each cycle, somewhat mimicking in vivo DNA replication. Because PCR allows the specific amplification of discrete fragments of mollicute DNA and can generate millions of DNA copies from the template sequence, it makes the detection of mollicutes easier, even in cell cultures with low contamination.
Characteristics of Target Nucleic Acids and Primers
Virtually all forms of double-stranded nucleic acids are suitable substrates for PCR. Mycoplasmic 16S rRNA sequences have been determined and provide the basis for a systematic phylogenetic analysis of mollicutes. ~ls) Typically, PCR targets are chosen within the gene coding for this evolutionarily conserved 16S rRNA (Tables 1 and 2 ). (16--22) Computer alignment studies of mollicute 16S rRNA sequences have revealed the existence of regions with highly conserved sequences and regions with sequence variability at the genus and species levels, allowing the selection of genus-and species-specific primers and, thus, detection and identification of mollicutes. However, most investigators have reported the relative specificity of their primers, especially when used in one-step PCR procedures. Some workers observed cross-reactions with walled prokaryotes in genus-specific conditions (Table  1 ), C2~ or cross-reactions between mollicutes in species-specific PCR conditions. ~ Others used primers that did not cross-react with bacteria that is closely related to mollicutes phylogenetically, but did not amplify all mollicute species, especially A. laidlawii (Table  1) . ~2~ The initial divergence of mollicutes from their clostridial ancestors has been shown to involve the Acholeplasma branch. 05) A commercial mollicute detection method uses specific primers to detect heterogeneity within the mollicute tRNA gene cluster. ~28~ Another original approach has been developed by Harasawa and co-workers. ~23'29~ They showed that amplification of the 16S-23S spacer region in rRNA operons of mollicutes, using primers for the flanking 16S and 23S structural genes, is a highly specific approach leading to the identification of contaminant mollicutes, especially when followed by restriction analysis (Table 1) . (24) 
Setting Up Amplification
Sufficient sensitivity and specificity of PCR are prerequisites for its use in the diagnosis of mollicute infection of cell lines, for detecting small amounts of mollicute DNA among the eukaryotic gene material. Primer design is one of the most important factors affecting the quality of PCR. Primer selection criteria, like the adjustment of PCR conditions, such as temperature, duration of PCR steps, and composition of the reaction mixture, may improve the reaction sensitivity and specificity considerably. An alignment study of specific nucleotide sequences showing mollicute genus-and species-specific regions (see above) is a useful tool when selecting a primer pair and predicting its specificity properties. In contrast, a trial-and-error approach by new combinations of primers derived from slightly different positions of the original target gene sequences is necessary to improve the sensitivity properties of a primers pair, because so far there is no means of predicting such sensitivity. (30) The efficacy of PCR is measured by its specificity, efficiency, and fidelity. The ideal PCR with high specificity, efficiency, and fidelity is difficult to set up because the conditions for maximizing these parameters are sometimes incompatible. ~31~ Several recent PCR-based methods of diagnosing cell culture infection by mollicutes detected both mollicutes and bacteria that are closely related phylogenetically to mollicutes. ~ Nevertheless, when compared with more specific methods that fail to amplify several mollicute species, ~26) these recent methods seem more convenient for the purpose of detecting cell line contaminants. This is because the crossreacting bacteria, such as Clostridium innocuum and Clostridium ramosum, are never found as cell culture contaminants. Furthermore, in the field of routine detection of cell culture contaminants, false-negative results must be avoided more than false-positive results because of cross-reactions with bacteria that diagnose a nonmollicute but a prokaryotic infection of cell lines. Thus, when setting up PCR, one should give priority to one of the three parameters mentioned above and optimize the PCR according to the application (detection and/or identification of contaminants).
Each of the three parameters is influenced by the components of the PCR.
Review lllllll
Apart from template and primer design (see above), numerous other components are very important for optimizing PCR: reaction mixture [i.e., standard buffer for DNA polymerases, pH, concentration of Mg 2+, gelatin, Triton X-100, spermidine, tetramethylammonium chloride (TMAC), dimethylsulfoxide (DMSO), glycerol, formamide, mineral oil], PCR cycles (number of steps, duration of steps, number of cycles, temperatures, ramp times), DNA polymerases (e.g., Taq, Vent, Pfu, Tth), dNTP, phase of PCR, and so forth. Alternate PCR procedures have also been used to optimize parameters. To enhance sensitivity, reverse transription-PCR (RT-PCR), which consists of reverse transcription of high copy number rRNA to cDNA that is subsequently amplified, (2z) and nested PCR, which consists of a double-step PCR using internal primers to amplify the first-step PCR prod-
have been applied. A threeprimer PCR approach (32) has been applied for mollicute detection to enhance specificity. (z7) Numerous reviews and books have been published on the setting up of PCR, describing general principles that can be applied to mollicute detection.(31'33--39)
Problems and Troubleshooting
Because PCR can generate 106 DNA copies from a template sequence, false positivity attributable to contaminating nucleic acids from a previous PCR reaction (carryover), exogenous DNA, or other cellular material is a problem in diagnostic application. To avoid PCR product (amplicons) carryover, one can take specific precautions, including (1) prealiquoting reagents, using positive displacement-dedicated pipettes or tips with cotton plugs, (2) physically separating the reaction preparation from the area of reaction product analysis, (3) using autoclaved solutions, (4) changing gloves, (5) avoiding splashes, (6) premixing reagents, adding DNA last, and (7) choosing positive and negative controls carefully. (4~ Multiple negative controls are necessary to monitor and reveal contamination. Numerous "sterilization" methods have been described. Several investigators have used nucleases, UV light, (41, 42) or ~/-irradiation (43) to inactivate contaminants in solution (or on surfaces in the case of UV), (44) but all of these protocols have limitations, especially if PCR products and contaminating DNA fragment are short in length. Others have eliminated DNA contamination by the use of photochemical (isopsoralen) and enzymatic (uracil N-glycosylase) methods effective on PCR amplicons of >100 bp. (3s'4s-47) Walder and co-workers prevented cross-contamination associated with PCR by the use of primers that contain a 3'-terminal ribose residue. (48) No sterilization protocol is likely to be 100% efficient; therefore, good laboratory practices are highly recommended.
Inhibition of the amplification reaction because of the presence of trace contaminants in samples has been described previously as a source of falsenegative results, (45) which is another obstacle to the diagnostic use of PCR. To demonstrate that the reaction is working, one can apply multiplex amplification where an additional primer set, specific for a host gene or for a control plasmid, is added. One limitation is that the two distinct PCRs possess different efficiencies. Moreover, there is no control for the omission of the primers amplifying the target DNA. Another commonly used approach is the addition of a control template engineered by deletion or insertion that produces a shorter or longer fragment than the authentic DNA fragment using the same primer set. This approach is not a true positive control because one can omit the sample DNA being tested. Low-stringency PCR is a recent method that provides an internal control for negative results. (49) When the primer set is used under low-stringency conditions, this technique leads to amplification of the specific DNA sequence (e.g., mollicutes), if present, and of nonspecific eukaryotic DNA found in the sample. However, at low concentrations of specific template, the problem in distinguishing the specific band from low-stringency products arises and the presence of numerous bands may complicate the readout.
TRANSPORT AND STORAGE OF SAMPLES
Diagnosis of mollicutes contaminating cell cultures is usually performed in specialized and reference laboratories. Thus, applicant laboratories have to transport their cell cultures under adequate conditions to be tested. Conventional mycoplasma detection methods require the cultivation of cells to be assayed in the diagnostic laboratory. Therefore, in the case of specific culture media (e.g., insect cell cultures), the latter must also be provided. The handling of samples could be problematic and increases the risk of bacterial and fungal contamination, because cells must be cultivated without antibiotics (see below). PCR requires only a small amount of DNA, so I ml of cell cultures can serve to perform several PCR assays, van Kuppeveld et al. (2s) demonstrated that a PCR assay for the detection of mycoplasmas contaminating cell cultures can be performed on lyophilized materials. Thus, sample storage and transport to reference laboratories are simplified. In addition, cell cultures can be stored frozen for a long time without altering the amplification efficiency. Similar amplification results were obtained with fresh samples and those stored at -20~ for 11/2 years (G. Rawadi and O. Dussurget, unpubl.). As PCR can be achieved with frozen and lyophilized materials, this offers a means for a retrospective analysis.
At present, before submitting cell cultures for mycoplasma diagnosis by conventional methods, cultivating cells in antibiotic-free culture media for at least 2 weeks is required. (s~ This measure may not be obligatory for mycoplasma diagnosis by PCR. Streptomycin, an antibiotic widely used in cell culture media, is known to bind to DNA and can be expected to interfere with Taq polymerase. However, we did not observe any differences in amplification efficiency when PCR is performed on cells cultivated with or without antibiotics (G. Rawadi, unpubl.) . Nevertheless, cell cultures treated with mycoplasma removal agent, (MRA, ICN) should be passaged in culture media free of this antibiotic prior to PCR assay, as cell cultures treated with MRA have been observed to inhibit amplification (D. Roulland-Dussoix, pers.
comm.).
The use of PCR-based methods for mycoplasma detection in cell cultures will facilitate sample handling considerably and reduce transport cost and inconvenience.
SAMPLE PREPARATION
Pre-PCR preparation influences subsequent PCR analysis significantly. Although PCR-based methods for myco-plasma detection have been described at length, few investigators deal with prePCR sample preparation. A large number of methods for the isolation of highly purified nucleic acids are suitable for use in PCR and mainly for PCR detection of mycoplasmas. However, the traditional DNA extraction methods are not adapted to the processing of a large number of samples.
Protocols The mere boiling of samples was also used to release DNA from mollicutes prior to PCR amplification. (21~ However, it has been shown that prolonged heating of DNA reduces the efficiency of its amplification. Therefore, we believe that the proteinase K protocol is more applicable.
A point that should be considered in the pre-PCR sample preparation step is that extreme care must be taken to avoid false-positive results. False positives can result from sample-to-sample contamination. A more serious source of contamination is the carryover of DNA from previous amplifications of the same target. Thus, procedures to minimize the risk of false-positives results should be followed strictly. ~s3~ In addition, reagents used for sample preparation can be sterilized by UV irradiation (see Problems and Troubleshooting above). r
MYCOPLASMA DETECTION AND IDENTIFICATION BY PCR-BASED METHODS

Mycoplasma detection
Blanchard et al. (26) showed that it was possible to utilize 16S rRNA genes to detect mollicutes by PCR amplification. The method described by these investigators is not appropriate for the detection of mollicutes contaminating cell cultures because strains currently isolated from cell cultures are not amplified (e.g., M. hyorhinis). Thus, they focused their efforts on the development of PCR protocols used specifically for mycoplasma detection in cell cultures.
Several PCR methods based on 16S rDNA amplification have been described. These methods involve one-or two-step nested PCRs. Spaepen laidlawii, a common contaminant of cell cultures, was not amplified correctly by this method. The detection of bacterial contamination of cell cultures is not problematic in that it can be spotted visually. However, culture media are usually supplemented with antibiotics; thus, they may be contaminated with DNA from eradicated or dormant bacteria. Given the high sensitivity of PCR, such an approach may lead to a false-positive diagnosis. Moreover, it is well documented that the use of nested PCR increases the risk of nonspecific amplification. The second nested PCR protocol was shown to be apparently mollicutespecific in both PCR steps. ~ Similar results (positive or negative diagnosis) were obtained in first-and second-round PCR. Nevertheless, the second PCR run was shown to increase the sensitivity of detection in a serial dilution assay of infected samples. Southern blotting of PCR products and hybridization with a specific radiolabeled internal probe is more suitable to improve the sensitivity of mycoplasma diagnosis. In this way, such sensitivity could be increased up to 10-fold. ~s'22'27~ Furthermore, in cases where laboratories are not accustomed to the handling of radioactive products, Southern blot analysis can be performed with biotinylated probes.
The 16S-23S spacer region in rRNA operons has also been used as an amplification target for mycoplasma detection. ~z9~ This nested PCR approach has been shown to be suitable for mycoplasma detection in cell cultures. ~z3'24~
The reported one-step PCR-based methods involve primer sets that anneal to almost all mollicutes. As discussed previously, Acholeplasma species is problematic for mollicute primer design. To achieve reliable detection of mycoplasma in cell cultures, this species should be amplified. Two primer sets for PCR, one for the specific detection of Acholeplasma and a second for the detection of the other mollicutes species, have been described. Using similar protocols, we did not observe cross-reactivity with any of a series of Gram-negative or Gram-positive bacteria, including Clostridia, even at 106 bacteria/ml. (18) These methods ~ were validated by diagnosis of a large number of cell cultures and were capable of detecting all of the contaminating mollicutes when compared to conventional methods.
Mycoplasma Identification
Identification of mollicute species contaminating cell cultures can also be achieved by PCR amplification using Review llll|ll species-specific primers. (18'19'22'26) Samples that appear to be infected with mollicutes, using genus-specific PCR amplification, can be submitted to a species-specific PCR to identify the contaminant. The identification may be performed by combining a genus-specific primer and a species-specific primer. Therefore, PCR amplifications should be conducted on each contaminated sample using available species-specific primers.
Typical contaminating species (i.e., M. hyorhinis, M. orale, M. fermentans, M. salivarium, M. arginini, and A. laidlawii) cause 98% of infection. This should be considered when performing PCR to identify these cultures, in that speciesspecific primers of these contaminants systematically have to be used first. PCR identification results of contaminated mollicutes displayed this same prevalence (Table 3) . (18,19.25) In rare cases, when mycoplasma contamination is detected by mollicute-specific PCR methods, species-specific PCR failed to identify the contaminating mycoplasmas (2%; see Table 3 ). (18'19) However, in these cases, employing species-specific primers for mycoplasma rarely found in cell cultures (e.g., M. pirum, M. bovis, and M. horninis) did not resolve the identification, van Kuppeveld et al. (2s) detected only 1 M. pirurn isolate among 67 contaminated cell cultures (Table 3) .
Amplicons from mollicute genus-specific PCR amplification can be cloned easily using the TA cloning system, (s6) and the variable 16S rDNA region can also be sequenced. Sequence analysis by comparing published 16S rDNA genes allows the identification of the contaminated species. The standard sequencing technique is time consuming; therefore, semiautomated systems using biotinylated primers and solid-phase sequencing of PCR products have been described (sT) and shown to be useful for mycoplasmic 16S rDNA sequencing. (sS) The association of mollicute genus-specific PCR amplification and sequencing should prove to be a valuable technology for discriminating all mycoplasma contaminations.
Analysis of restriction fragment length polymorphism (RFLP) of the 16S rDNA amplified segments was used to identify mollicute species. (s4) Restriction enzyme digestion time can be reduced considerably, up to minutes, by utilizing a microwave oven. (sg) RFLP analysis of the 16S-23S intergenic amplified fragment was also developed for species identification. (23'24) . However, RFLP profiles are established mainly from type strains, and variation of these profiles may occur between strains within the same species. Thus, interpretation of RFLP results should be confirmed by other identification methods.
PCR Controls
All reports are consistent with the fact that PCR is the most sensitive, specific, and reliable method for mycoplasma detection. This technique could be subjected to automation, thus allowing the analysis of a large number of samples under the same conditions, which en- aCell cultures contaminated by more than one mycoplasma species. bMycoplasma contamination detected by mollicute-specific PCR, but not identified by speciesspecific PCR.
sure repeatability and reproducibility. However, two significant problems that have arisen from the wide use of PCR technology should be considered: (1) the presence of polymerase inhibitors in some cell cultures, and (2) DNA carryover contamination. This leads to falsenegative or false-positive diagnosis, respectively. Since the inception of PCR, users pointed out the occurrence of carryover contamination owing to the abundance of DNA generated by PCR amplification. Cautions that should be taken to prevent this problem are well documented and have been discussed above.
The real nature of the polymerase inhibitors found in some cell cultures is not well known. This problem has been reported in mycoplasma PCR-based assay. (19) The presence of such inhibitors in tested samples could be detected by using multiplex amplification. A low stringency (LS)-PCR-derived method has been developed in our laboratory that involves decreasing the primer annealing temperature by 3~ (i.e., from 55~ to 52~
In case of contaminated cell cultures, primer pairs match specifically to mycoplasmic 16S rDNA yielding the expected size fragment exclusively, whereas in mycoplasma-free samples, mismatched priming throughout eukaryotic DNA results in nonspecific amplification (Fig. 2) . This was tested in >100 cell cultures and was found to provide a reliable and simple method to verify negative diagnosis.
COMPARISON OF PCR WITH CONVENTIONAL METHODS FOR THE DETECTION OF MYCOPLASMAS
The first isolation of mycoplasma from a contaminated cell culture goes back to 1956. (60) The development of in vitro cell culture as a tool for basic research highlighted the problem of contamination with mollicutes. In the years that followed, numerous direct or indirect methods for the detection of mycoplasmas in cell cultures have been developed.
Direct methods consist primarily of microbiological cultivation procedures with specific media. Although this method is considered to be the most sensitive and specific, cultivation for t>10-14 days is necessary to obtain results. Moreover, some Mycoplasma species fected cell cultures yielded a specific band at the expected size (1000 bp, arrow), whereas in mycoplasma-free cell cultures nonspecific fragments were generated. (B) The specificity of the amplification was tested by Southern blot analysis of the same samples with a radiolabeled internal probe as described previously. (18) (i.e., M. hyorhinis) cannot be cultivated and consequently remain undetected by these methods. Until now, these procedures are regarded as the standard for the validation of new techniques. Indirect methods involve microscopy observation (e.g., fluorochrome DNA staining, electron microscopy), ELISA, biochemical assays [e.g., adenosine phosphorylase (AdoP) activity], and molecular biological tests (e.g., DNA-DNA hybridization and PCR-based assays described in this review). Some methods based on the modulation of thymidine incorporation by proliferating cells have been described for the detection of mycoplasma infection. (61'62) These techniques are rarely used in diagnostic laboratories because the proliferation of cells may be stimulated or inhibited by several components that might be present in the supernatants of cell cultures. Thus, the observed effects are not necessarily correlated to mycoplasma infection.
DNA fluorochrome staining is used widely for mycoplasma detection in cell cultures. (63) This technique, as well as the AdoP activity-based assay, requires the use of a permanent indicator cell line free of mollicutes (e.g., Swiss albino mouse embryo fibroblast-3T6 cell line, Vero cell line). Indicator cells are cultured with 100-to 200-1~1 of the specimens to be tested under adequate conditions, and stained with fluorochrome (e.g., Hoechst 33258). Mollicutes are detected under epifluorescence microscopy as extranuclear fluorescent bodies.
AdoP activity assay is based on the observation of cell toxicity induced by the degradation of 6-methylpurine deoxyriboside (6-MPDR) to 6-methylpurine ribose. (64) Samples (100-200 i~1) are added with 6-MPDR to indicator cell culture, and incubated under adequate conditions for 48-72 hr; cells are then observed using classic microscopy for cell toxicity. Both of these methods give false-positive or false-negative resuits. (3, 18) Electron microscopy (i.e., scanning and transmission electron microscopy), a traditional technology, needs specific equipment and a trained staff. Although these techniques have been applied for the detection of mollicutes, (6s) they can hardly be used as routine tests. Thus, their use is focused on mycoplasma basic research.
ELISAs are easy to perform but have been also shown to produce false-negative results. ~ This is because of part to the relatively weak sensitivity of this technique.
Moreover, commercially available ELISA detection kits mainly address certain mollicute species (i.e., M.
hyorhinis, M. orale, M. arginini, and A. laidlawii). The ELISA technique is more appropriate for mycoplasma identification than for mycoplasma detection.
This short inventory of conventional and c o m m o n l y used assays for the detection of mycoplasma infection in cell cultures shows that there is no standard method. At least two or three techniques should be conducted on the same sample to obtain a reliable diagnosis. Molecular biological tests, that is, DNA-DNA hybridization and PCR amplification, surpass all of these conventional methods in reliability and sensitivity. DNA-DNA hybridization is based on either 16S rRNA or 23S rRNA gene hybridization. (66'67) These methods are quite rapid but have been shown to cross-react with gram-positive bacteria, especially the H900 probe, yielding nonspecific hybridization. (66) The detection limit of the hybridization assay is 103-104 organisms; thus, it is not suitable for monitoring eradication of mycoplasma contamination or for the detection of the onset of contamination. Moreover, this technique requires the use of a radioactive element that may be problematic for safety and regulatory reasons.
In our hands, no false-negative or false-positive results were observed using PCR-based methods. Similar observations were made by the vast majority of reports dealing with the PCR detection of mycoplasmas when compared with classic methods, including DNA-DNA hybridization. (16'1s'19'21'22) A PCR assay is more specific than other assays w h e n the primers used are chosen purposefully. This assay does not require the cultivation of mollicutes; thus, it can overcome the problem of uncultivatable strains. The sensitivity of PCR-based methods was shown to be as little as a single organism per milliliter (2z) or 1 organism/103 cells in mock-infected cultures. (is) The sensitivity of the PCR diagnosis could be increased 10-fold by analyzing the amplified materials by Southern blot. Usually, cells are heavily infected at the level of -1 0 0 organisms/ ml of cell culture. (13) Nevertheless, the sensitivity of the PCR assay also allows the detection of early contamination and the monitoring of MRA treatment of infected cultures. In addition, this high sensitivity provides a means for detecting mollicutes in commercial animal sera, a serious source of contamination. (27) Altogether, PCR is superior to most classical methods developed for the detection of mycoplasmas in cell cultures and should prove to be the technique of the future.
CONCLUSION
Mollicute-infected cultures are themselves the major source of infection of cell cultures. Guidelines have been published that form the basis of an efficient quality control program for the prevention of mollicute infection of cell cultures, (13~ including acquisition of cell lines from reputable cell collections, reception in the laboratory and quarantine until sterility is attained and mollicute tests have been performed (as for media components, especially serum), periodic mollicute detection assays (at least quarterly), preservation of the mollicute-free cell culture in liquid nitrogen, use of antibiotic-free media to prevent undetected infections, especially in stock cultures, and disinfection of working surfaces. Attempts to eliminate mollicutes from contaminated cells should be considered only as a last resort. It is often better to destroy the infected culture by autoclaving and replacing it with a mollicute-free stock culture. However, when the infected cell culture is irreplaceable, the following procedures can be used to eliminate mollicutes: (7'1~ treatment with anti-mollicute antisera, passage through mice, exposure to murine macrophages, treatment of cells with 5-bromouracil or merocyanine 540 and Hoechst 33258 followed by exposure to light, (68, 69) prolonged heat treatment, and selective killing with antibiotics [tylosin, spectinomycin, tiamulin, minocyclin, gentamycin, neomycin, kanamycin, novobiocin, thialine, quinolones, MRA (ICN), BM-Cyclin (Boerhinger Mannhiem), etc.], or mycoplasmacidal drugs. Antibiotic treatment is the most common method, but it is time consuming and its efficiency is variable depending on the resistance of the cell line to toxicity and on the sensitivity of the containment to antibiotics. It has been shown that some mollicutes possess intracellular parasitism properties (e.g., M. fermentans) and are therefore able to resist antibiotic treatments. None of these methods can be regarded as standard and no irrefutable assay has been developed yet.
Numerous comparative studies of methods for detecting mollicute contamination in cell cultures have been published recently. (16-19'21'49) From individual studies reviewed, it can be concluded that PCR provides a rapid, sensitive, and reliable method for detecting and identifying mollicutes in cell cultures. Although there is no standard for the detection of mollicute contamination of cell cultures, projects to establish standard methods and protocols are currently in development. Arai and coworkers have already presented a 3-year study for evaluating methods, especially PCR, to detect mollicute contamination in industrial biological materials. (7~ Standardization in PCR procedures is needed to ensure reliable results and to avoid variation in results among different laboratories, which is crucial when PCR is used as a diagnostic tool. (7~ The International Research Program on Comparative Mycoplasmology (IRPCM) is also currently performing an international multicenter collaborative trial to evaluate PCR-based diagnosis of mollicute infection of cell cultures. This trial will provide useful data to assess the reliability of PCR and to develop PCR standards, leading to large-scale validation of this powerful technology applied to the diagnosis of cell culture infection.
